The grain growth which occurs during the self-annealing in copper electrodeposits was investigated by in situ observation with an electron backscattered diffraction technique. From these observations, it was found that a newly created twin was initiated on the front interface of growing twin and that the transverse direction for the growth was ͗110͘. Most of the twins had the ⌺3 twin boundary of ͕111͖͗110͘. The formation of the twin and its peculiar growth direction could be explained quite well based on the hypothesis that the growth front interface is one of the ͕111͖ planes.
Since the copper damascene process was published in 1997, almost all chipmakers have adopted it for their high speed devices. The adoption of the copper process is attributed to the development of the two unit processes, chemical mechanical polishing and electroplating. As regards the copper electroplating process, the organic additives of accelerator and suppressor were used for the filling of the damascene pattern with copper. This filling phenomenon is called superfilling or bottom-up filling. 1, 2 Because these organic additives increase the activation overpotential and the nucleation rate for the copper formation during electroplating, the grain of the as-deposited copper becomes nanosized. Therefore, the grain growth of the copper electrodeposits occurs even at room temperature, and this is referred to as self-annealing. Patten et al. reported a similar example in copper film sputtered at a high deposition rate. 3 This self-annealing of the thin film makes it possible for us to conduct an in situ investigation into the planar grain growth at room temperature. Before conducting the planar crystalline analysis, the authors carried out a cross-sectional observation of copper electrodeposits with a thickness of 1 m using an electron backscattered diffraction ͑EBSD͒ and a focused ion beam. 4 This enabled us to determine that the typical columnar structure in the copper electrodeposits is formed after annealing, [4] [5] [6] which indicates that the grain growth behavior on the surface of the copper electrodeposits might represent the overall grain growth during the selfannealing. In this study, the planar grain growth in the copper electrodeposits was investigated by in situ observation using an EBSD. The formation and growth of the twins were discussed based on the experimental observations.
For the preparation of the sample, a tetraethylorthosilicate film with a thickness of 100 nm, a TaN film with a thickness of 45 nm, and a copper seed layer with a thickness of 100 nm were sequentially deposited on a Si wafer substrate. Then, a copper electrodeposit with a thickness of 1 m was formed on the copper seed layer under the deposition condition of 10 mA/ cm 2 . The grain growth was observed at hourly intervals by an EBSD system, which was equipped with a Schottky-type field emission gun scanning electron microscope ͑JEOL 6500F͒ and the associated software.
4,7 Figure 1 shows the crystalline orientation maps during the self-annealing. The same area was continuously measured at hourly intervals starting from 39.1 h after the electroplating. The red, green, and blue colors approximately represent the ͗100͘, ͗110͘, and ͗111͘ crystalline orientations, respectively. For example, ͗115͘ direction can be approximated to ͗100͘, and the color of ͗115͘ is represented as red. It can be seen that a newly created twin in red ͑twin ␤͒ was initiated on the front interface of the growing twin in navy blue ͑twin ␣͒ and grew along a peculiar direction ͑arrow I͒, as shown in Fig. 1 . The other twin in navy blue ͑twin ␣Ј͒, which had the same crystalline orientation as twin ␣, was initiated on the front interface of twin ␤ and also grew along the peculiar growth direction indicated by arrow II in Fig. 1 .
In order to understand these peculiar growth directions, the in situ observation of the grain growth for the ͕111͖ and ͕115͖ twins was carried out and the results are shown in was ͕111͖ fiber, the plane normal direction of almost of the all grains became ͗111͘ ͑blue͒ or its twin orientation of ͗115͘ ͑red͒. 7, 8 The grain shown in Fig. 2 could be divided into the three twin groups, twin ␣ ͑navy blue͒, twin ␤ ͑red͒, and twin ␥ ͑blue͒. From the grown shape of each twin and the in situ observation, it was possible to select its presumed growth directions which are indicated by the six arrows ͑III-VIII͒. It is noted that twins ␤ and ␥ have two and three growth directions, respectively.
The crystalline orientations of the grains shown in Figs. 1 and 2 are listed in Table I . It was difficult to find any directional regularity for the apparent growth direction ͑GD͒ on the normal plane, whereas the transverse directions ͑TDs͒ for the growth were very close to ͗110͘. The plane normal directions ͑NDs͒ of twin ␣ ͑navy blue͒, twin ␤ ͑red͒, and twin ␥ ͑blue͒ are measured by, ͓3 5−7͔, ͓1−1−9͔, and ͓4 −3 4͔, listed in Table I and theoretically correspond to ͗5 7 13͘, ͗115͘, and ͗111͘, respectively. The about 7°misfit angle between the measured and theoretical orientations might come from the misalignment of the measurement system, or the selection of three integer indices of the direction vector during reprocessing the data. If the growth front interface is one of the ͕111͖ planes with the lowest surface energy, 9 the TD should be the vector cross product of the ND and one of the ͗111͘ directions, which are the normal directions of ͕111͖ planes. In the case of the NDs, ͗111͘ and ͗115͘, all of the vector cross products of the ND and one of the ͗111͘ directions result in the TD of ͗110͘, which is in good agreement with the trend of the measured TD. Moreover, each calculated transverse direction ͑TDЈ͒ listed in Table I was obtained from the vector cross product of each measured ND and one of the ͗111͘ directions which had the lowest misfit angle for the apparent GD. The calculated TDЈs were in good agreement with the corresponding measured TDs listed in Table I . These results suggest that the growing front interface may be one of the ͕111͖ planes.
One more piece of evidence that the growing front interface is one of the ͕111͖ planes could be found in the behavior of twin formation. From Figs. 1 and 2 , a newly created twin was initiated on the front interface of the growing twin and most of the twins in the copper electrodeposits had the ⌺3 boundary of ͕111͖͗110͘ which was formed by a rotation of 60°about the ͗111͘ axis. 10 The ⌺3 boundary between the parent twin and the newly created twin must have a common rotation axis of ͗111͘, and the stacking sequence in fcc crystal has the threefold symmetry for the ͗111͘ axis. In the case of ͕111͖ growing interface, it is possible that the two kinds of twin were alternately stacked by a rotation of 60°about the ͗111͘ axis. As shown in Fig. 2 , the two twin sequences, ␤-␣-␤-␣ and ␥-␤-␥-␤, were observed.
The anisotropical growth mechanism observed for the ͕100͖ and ͕111͖ planes is depicted in Fig. 3 . The ͕115͖ was approximated to ͕100͖ for the convenience of its crystallographical consideration. The projection of the ͗111͘ growth directions on the ͑001͒ plane leads to two apparent growth directions, viz., ͓1−1 0͔ and ͓1 1 0͔, whereas the ͑111͒ plane has three apparent growth directions, viz., ͓−1−1 2͔, ͓2−1−1͔, and ͓−1 2−1͔. The number of growth directions in each twin is in good agreement with the observed results shown in Fig. 2 .
In summary, from the in situ investigation of the planar grain growth of copper electrodeposits, it was observed that a newly created twin was initiated at the front interface of a growing twin and grew along its peculiar growth directions. The twin boundary was the ⌺3 boundary having the common rotation axis of ͗111͘. The calculated transverse direction, which is based on the hypothesis that the front interface of the growing twin is one of the ͕111͖ planes with the lowest surface energy, is in good agreement with the measured transverse direction. In conclusion, it was confirmed that the 
